We study experimentally the interaction of spatial optical solitons with curved dielectric surfaces in unbiased nematic liquid crystals. We demonstrate that this interaction depends on the curvature of the surface and the walk-off, and it can be employed for efficient routing and control of the soliton trajectories. We also observe a large-angle total internal reflection of the soliton beam from an interface between liquid crystal and air. The efficient and tunable routing of nematicons can be achieved by reflection or refraction of nematicons at the interface between two nonlinear media, each controlled by an independent external bias [13, 14] or by anchoring at the boundaries [15] . Similarly, the localized nonlinear defects, induced by an additional "control" light beam, can be repulsive [16] [17] [18] or attractive [18, 19] , depending on the induced change of the refractive index (negative or positive). However, if the boundary conditions are linear, e.g., fixed by the anchoring of NLC molecules, the interface becomes repulsive [20, 21] .
Spatial optical solitons [1] in nematic liquid crystals (NLCs) [2] , known as nematicons, have been demonstrated as excellent candidates for signal processing, switching, and all-optical routing [3] . The large optical nonlinearity of NLCs stems from the light-induced molecular reorientation, which can extend well beyond the excitation region owing to elastic intermolecular forces. It allows effective steering of nematicons, most notably by reducing the anisotropy-induced walk-off with external voltage [4, 5] or by manipulating nonlinearity, e.g., increasing the optical power of the beam [5] [6] [7] [8] . The nonlocal character of the reorientational nonlinearity has a striking effect on the interaction of copropagating [9, 10] and counterpropagating [11, 12] nematicons, with [9, 11] and without [10, 12] external bias.
The efficient and tunable routing of nematicons can be achieved by reflection or refraction of nematicons at the interface between two nonlinear media, each controlled by an independent external bias [13, 14] or by anchoring at the boundaries [15] . Similarly, the localized nonlinear defects, induced by an additional "control" light beam, can be repulsive [16] [17] [18] or attractive [18, 19] , depending on the induced change of the refractive index (negative or positive). However, if the boundary conditions are linear, e.g., fixed by the anchoring of NLC molecules, the interface becomes repulsive [20, 21] .
In this Letter, we study experimentally, for the first time to our knowledge, the interaction of spatial optical solitons with curved interfaces between nonlinear NLCs and air. We observe the attraction of nematicons to the cylindrical surface of an air bubble in a planar NLC cell and demonstrate that such an interaction can be employed to bend nematicon trajectory for up to 10°; the soliton bending depends on the radius of the curved surface and the walk-off. In addition to the curvatureinduced soliton routing and steering, we observe the large-angle total internal reflection of a soliton from the curved surface.
In our experiments, we employ the setup and the NLC cell geometry sketched in Fig. 1(a) . The cell is created by two polycarbonate slides spaced by 100 μm along the y axis. It is filled with the 6CHBT liquid crystal, with refractive indices of n e ¼ 1:6718 and n o ¼ 1:5225 at room temperature. The inner surfaces of both slides are rubbed to impose planar anchoring with Θ 0 ¼ 45°in order to align the NLC molecules in the plane ðx; zÞ, as shown in Fig. 1(b) . The cell is sealed at the input by an extra glass slide with rubbing along x to prevent both beam depolarization and the formation of a meniscus. To induce a curved linear/nonlinear interface, we used a syringe and injected into the NLC layer two microscale air bubbles of different sizes, with radii of R 1 ¼ 270 μm and R 2 ¼ 529 μm in the plane ðx; yÞ; see Fig. 1(b) . From the side view of the cell, such extended defects have a cylindrical shape with the generatrices orthogonal to planar cell boundaries, as shown in Fig. 1 
(a).
Nematicons are generated by monochromatic beam from a cw laser with the wavelength λ ¼ 532 nm focused on the NLC layer by the 10× micro-objective into a laser spot of several micrometers in the sample. The input linear polarization of the beam is controlled with a halfwavelength plate. We acquire the light intensity distribution of the propagating beam inside the cell by collecting with a CCD camera the light scattered out of the top slide. A nematicon is generated by injecting an extraordinarily polarized beam (E‖x) with the wave vector k parallel to z. The formed soliton travels in the NLC along the direction of the Poynting vector with a significant spatial walkoff angle δ ≃ 5°due to the large birefringence of 6CHBT liquid crystal; see . Despite the presence of the defect, we did not record any deviation from the straight (horizontal) propagation and linear diffraction of the ordinary polarized beams in Figs. 2(a), 2(c), and 2(e) . The formation of a "free" nematicon, without an air bubble, is accompanied by the walkoff, which effectively tilts the straight-line trajectory by the angle δ with respect to optical axis z; see Fig. 2(b) .
To quantify the angular deviation of nematicons propagating near the curved surface, we measure angle α as a function of the impact parameter d [see definitions in Fig. 1(b) ]; the results for four different series of experiments are presented in Fig. 3 . In all four series, and for relatively large target distances d > 10 μm, the deviation angle α decays with d exponentially, α ∼ expð−d=DÞ, with the decay parameter D obtained by the least-squares fit and shown in the table inserts in Figs. 3(a) and 3(b) . Such exponential decay can be qualitatively explained by the effective particle theory of a soliton interacting with an attracting defect. Namely, the effective force dragging the soliton away from the straight-line trajectory is proportional to the soliton intensity with exponential tails. Placing the soliton farther away from the defect (increasing d) diminishes this force, and the accumulated deviation α decreases exponentially.
For small target parameters d < 5 μm, we observe the growth of the deviation αðdÞ until it reaches a maximum, especially pronounced for a smaller bubble with R ¼ 270 μm. The maximal angle depends on whether the soliton approaches the bubble from the top or the bottom [ Figs. 3(a) and 3(b) ]. This apparent difference can be ascribed to the counteraction of two "forces," the walk-off and the attraction to the surface. Qualitatively, while the attraction is in the direction of the walk-off in Fig. 2(d) and increases the inclination of nematicon α, it is opposite to and compensates for the walk-off in Fig. 2(f) . Furthermore, for small d ≪ R, the nonlinear reorientation of molecules on the surface [15] may have a decisive effect on decreasing the deflection α.
To illustrate the effect of the air-bubble defect, we assume that NLC molecules lie in the ðz; xÞ plane layers parallel to the polycarbonate slides and the bubble forms a perfect cylindrical surface. The radius of the bubble R is much larger than the cell thickness, so that we can approximate the distribution of the orientation angle Θ of the director n by the two-dimensional boundary-value Laplace problem, ∂
In general, the anchoring strongly depends on the surface and the liquid crystal; thus we consider two extreme cases of the planar and homeotropic anchoring, with asymptotes far from the bubble converging to the prealigned value, Θ → Θ 0 ¼ π=4. Results of a numerical evaluation of the corresponding Poisson integral in the former case are presented in Fig. 4(a) , while Fig. 4(b) shows the corresponding distribution of the induced refractive index [2] , n ¼ n e n o ðn 2 e sin 2 Θ þ n 2 o cos 2 ΘÞ −1=2 . Figure 4 demonstrates significant changes of the molecular orientation and refractive index induced by the bubble, in good qualitative agreement with experimental results in Fig. 2 . Indeed, the domains of increased (dark area) refractive index on the top and bottom of the bubble in Fig. 3(b) are consistent with attraction of nematicons in Fig. 2 . In contrast, the effective potential is repulsive (not shown) in the same areas if the anchoring is homeotropic; thus, the planar or weakly planar anchor- ing better describes our experimental results. Note also that the characteristic transverse scale of the induced changes is determined by the radius of the bubble R (see scaling in Fig. 4) , and thus the larger bubble should extend its influence for larger separations d; this prediction is directly supported by the measurements in Fig. 3 .
Finally, when the target soliton trajectory crosses the bubble surface, as in Fig. 5 , the soliton experiences the total internal reflection observed earlier in different settings [13] . Unlike the cases studied earlier, however, in our geometry, the nematicon steering angle may exceed 90°. Surprisingly, despite very different propagation directions after reflections, the solitons propagate similar to rays of light, with hardly visible differences of their widths and profiles [Figs. 5(a) and 5(b)].
In conclusion, we have studied experimentally the interaction of spatial optical solitons with curved dielectric surfaces in a bias-free nematic liquid crystal. We have analyzed how this interaction depends on the radius of the curved surface and the distance to the surface. We have demonstrated that, depending on the impact parameter, the soliton beam can be routed efficiently due to its attractive interaction with the surface. We have observed experimentally the total internal refraction of the soliton beam from an interface between air and liquid crystal, with the soliton deviation angle exceeding 90°. 
